Oct4 is a well-known transcription factor that plays fundamental roles in stem cell self-renewal, pluripotency, and somatic cell reprogramming. However, limited information is available on Oct4-associated protein complexes and their intrinsic protein-protein interactions that dictate Oct4's critical regulatory activities. Here we employed an improved affinity purification approach combined with mass spectrometry to purify Oct4 protein complexes in mouse embryonic stem cells (mESCs), and discovered many novel Oct4 partners important for self-renewal and pluripotency of mESCs. Notably, we found that Oct4 is associated with multiple chromatin-modifying complexes with documented as well as newly proved functional significance in stem cell maintenance and somatic cell reprogramming. Our study establishes a solid biochemical basis for genetic and epigenetic regulation of stem cell pluripotency and provides a framework for exploring alternative factor-based reprogramming strategies.
Introduction
Pluripotency, the ability of a cell to give rise to all cell types of an organism, is a fundamental characteristic of embryonic stem cells (ESCs). The basis of pluripotency resides in conserved transcriptional regulatory networks [1, 2] and protein interaction networks [3] [4] [5] of numerous transcription factors (TFs) and epigenetic regulators, which act together to repress developmental genes and activate stemness genes in ESCs. Oct4, Sox2, and Nanog are well-known key components of the core regulatory network that governs ESC pluripotency, and epigenetic regulators such as the polycomb group proteins, SWI/ SNF proteins, and Mi-2/NuRD complex proteins also play important roles in maintaining pluripotency [3] . Understanding the interactions among these pluripotency TFs and epigenetic cofactors is critical for maintaining as well as directly differentiating pluripotent stem cells.
Efforts to decipher the molecular basis for pluripotency of ESCs have culminated in the discovery of a set of reprogramming factors that, when ectopically expressed, directly convert somatic cells to so-called 'induced pluripotent stem cells' (iPSCs) [6] . These reprogramming factors, namely Oct4 and Sox2 in combination with Klf4 and c-Myc [6] , or Nanog and Lin28 [7] , are also known to be important factors for self-renewal and pluripotency of ESCs. Nanog can promote transfer of pluripotency after cell fusion [8] and ensure direct reprogramming of somatic cells to the pluripotent ground state [7, 9] . Various combinations and replacement of reprogramming factors with other pluripotency factors or small molecules have been achieved in reprogramming different types of somatic cells. However, the reprogramming process is slow and inefficient, and improved reprogramming requires additional epigenetic modifiers, suggesting the existence of epigenetic barriers to somatic cell reprogramming. Oct4 has largely remained an irreplaceable factor with only one exception [10] . In that exceptional case, the orphan nuclear receptor Nr5a2 (also known as Lrh-1), a known Oct4 activator, replaces Oct4 in the derivation of iPSCs from mouse somatic cells and enhances repro-gramming efficiency partly through Nanog activation [10] , consistent with a fundamental role of Nanog and Oct4 in stem cell pluripotency and somatic cell reprogramming. An improved understanding of genetic and epigenetic mechanisms by which the core ESC factors, Nanog and Oct4 in particular, regulate pluripotency should help in designing alternative or improved reprogramming strategies and providing mechanistic insights into somatic cell reprogramming.
Genetic studies [11] [12] [13] have defined the homeodomain transcription factor Nanog as the key self-renewal regulator that is essential for early development and for safeguarding the ground-state pluripotency of ESCs. ESCs lacking Nanog exhibit compromised self-renewal and tend to differentiate toward the primitive endoderm lineage [12] . In contrast, enforced expression of Nanog results in enhanced self-renewal at the expense of differentiation propensity [14] . To understand how Nanog functions in regulating self-renewal and maintaining/ promoting pluripotency, we have tested and established an in vivo biotinylation strategy for affinity purification of protein complexes associated with Nanog, and constructed the first protein interaction network in mouse (m) ESCs (the Nanog interactome) [3] . The Nanog interactome encompasses Oct4 and multiple genetic and epigenetic regulators that individually and combinatorially contribute to stem cell pluripotency [3] . Recent reports suggest that Oct4 is essential for integrating the epigenetic machinery into the pluripotency network. For example, Oct4 cooperates with Nanog and Sox2 to repress Xist (X-inactive specific transcript) and thus couples X inactivation reprogramming to pluripotency [15] . Oct4 also interacts with several polycomb group proteins (e.g., Ring1B, Rybp) as part of the Nanog interactome [3] to maintain pluripotency [16] . In addition, Oct4 controls the chromatin architecture of ESCs by directly regulating downstream target genes encoding the H3K9 demethylases Jmjd1a and Jmjd2c, which modulate the H3K9 methylation status of the pluripotency factors Tcl1 and Nanog, respectively, to maintain stem cell identity [17] . Limited studies have been performed to dissect the biochemical basis for Oct4's diverse roles in both genetic and epigenetic regulation of stem cell pluripotency. The most notable ones are two recently published biochemical studies that used FLAG-based affinity purification of Oct4 complexes in mouse embryonic stem cells (mESCs) [4, 5] . These studies resulted in discouragingly few overlapping Oct4 partners [18] , and left an open question of whether we have identified the bona fide Oct4 interactome in ESCs.
Here we report an extended Oct4 interactome composed of a much larger repertoire of interacting proteins than previously reported [3] [4] [5] using an advanced affinity purification approach with demonstrated effectiveness for affinity purification of protein complexes in ESCs [3, 19, 20] . We discovered and confirmed physical association and functional significance of a number of novel Oct4 partners. Our study provides solid biochemical evidence and strong functional validation that Oct4 is critical for epigenetic regulation of stem cell pluripotency. We demonstrate that the Oct4 interactome is connected with multiple chromatin remodeling and epigenetic regulatory protein complexes that are important for stem cell maintenance, pluripotency, and somatic cell reprogramming (iPSC generation).
Results and Discussion

An improved affinity purification strategy
Due to the dosage sensitivity of Oct4 protein for ESC maintenance [21] , affinity purification of Oct4-associated proteins via ectopic overexpression of tagged Oct4 posed a limit in identifying Oct4 partners in our previous study [3] and in the two studies [4, 5] that shared a distressfully low number of overlapping partners [18] . Therefore, we decided to further investigate the Oct4 interactome with an improved in vivo biotinylation-based affinity purification strategy [19, 20] for purification of Oct4-associated protein complexes in mESCs.
First, we established a transgenic mESC line that expresses only biotinylated Oct4 ( bio Oct4) replacing the doxycycline (dox) suppressible Oct4 ( dox Oct4) in ZHBTc4 cells [21] via lentivirus infection and dox treatment ( Figure 1A ). We established four clonal cell lines (dubbed ZO4B1-4) that are equivalent in morphology and stem cell characteristics as shown below representatively for ZO4B4, the line that was used for subsequent affinity purification. In the presence of dox, ZO4B4 ESCs were sustained by bio Oct4 only ( Figure 1B , left lane) and maintained ESC identity manifested by their typical dome-shaped morphology, positive staining for alkaline phosphatase (AP) activity ( Figure 1C, top) , expression of wild-type levels of the stem cell markers such as Nanog and Sox2 ( Figure 1D ), and normal ESC clonogenicity (Supplementary information, Figure S1A ). In contrast, upon dox withdrawal, ZO4B4 cells expressed both Figure 1C, bottom) , consistent with the previously reported differentiation phenotype upon Oct4 overexpression [21] . It should be pointed out that the maximum bioOct4 level, although lower than doxOct4 level (Figure 1B) , is still within the range that can functionally maintain the ESC state ( Figure 1C and 1D) [21] . Second, we utilized conditions that have been optimized for the extraction of the required nuclear components with a significant initial removal of contaminating cytoplasmic and nuclear components that are not required for transcription activity [22] . These include dialysis to low salt (100 mM) and treatment of nuclear extracts with Benzonase to minimize DNA-tethered protein interactions (Supplementary information, Figure S1B ) while preserving strong and specific affinity of bio Oct4 to streptavidin-agarose (SA) beads (Supplementary information, Figure S1C ). Third, we reduced the amount of detergent nonidet P40 during affinity purification by 10-fold than previously applied [3, 19] .
The combined modifications described above have greatly improved the preservation of large multi-protein complexes during mESC nuclear extract preparation, as demonstrated by the fractionation of the Oct4 protein complexes on a gel filtration column ( Figure 1E ). The new gel filtration results indicate that the size of multiprotein complexes associated with both endogenous ( end Oct4) and biotinylated Oct4 ( bio Oct4) spans over a wide range from ~50 kD to several megadaltons (MD), far greater than initial observations by us [3] and others [5] that the majority of Oct4 was fractionated at approximately its own molecular weight on a gel filtration column due to dissociation of the protein complexes under suboptimal buffer condition. Therefore, our improved purification protocol ensures the preservation of most 
Affinity purification and mass spectrometry identification of Oct4 protein complexes in mESCs
Using the improved affinity purification strategy described above, we performed three independent SA-mediated affinity purifications followed by mass spectrometry and identified 198 high-confidence Oct4-interacting proteins ( Figure 2 and Supplementary information, Table  S1 ). When we compared our dataset with the two recently published Oct4 interactome studies [4, 5] , we found a total of 43 proteins that were also discovered by the previous studies to be Oct4-interacting proteins ( Figure   Figure 2 Summary of Oct4-interacting proteins in mouse ESCs. (A) List of the 155 novel Oct4-associated proteins from affinity purification in ZO4B4 ESCs. (B) Comparison of our Oct4 interactome with the two published Oct4 network studies [4, 5] . The overlapping proteins between our study and the two published studies are listed as blue, purple and red frames.
www.cell-research.com | Cell Research Junjun Ding et al. 159 npg 2B). These 43 common proteins constitute as many as 56% (30/54) of the Oct4 partners from one study [5] and 34% (31/92) from the other [4] . In particular, our Oct4 interactome identified 18 out of the 20 (90%) overlapping Oct4-interacting proteins from the two prior studies [4, 5] . These results suggest that our improved in vivo biotinylation-based affinity purification captured the majority of high-confidence Oct4-interacting proteins. More importantly, we uncovered 155 novel Oct4-interacting proteins that were not present in the previous low affinity FLAG tag-based studies [4, 5] (Figure 2A ). To justify and substantiate the existence of such additional Oct4 interactors than previously reported [4] [5] , we found that several studies have individually documented the interactions of Oct4 with CTNNB1 [23, 24] and with multiple components of the PAF1 complex (Leo1, Cdc73, Paf1) [25, 26] and COMPASS-like protein complex (Rbbp5) [27] , all of which are among the 155 novel Oct4-interacting proteins we identified in this study ( Figure 2A ). Our coimmunoprecipitation and immunoprecipitation (CoIP/ IP) data also confirmed physical association of Oct4 with additional novel partners including Ash2l, Kif11, and Ppp1cc ( Figure 4B ). We also performed Oct4 antibodybased immunoprecipitation. However, like studies done by others using the native Oct4 antibody for affinity purification [4, 28] , we were able to confirm only a limited number of endogenous interactions due to the low affinity/specificity of the antibody (Supplementary information, Table S2 ). These data highlight the effectiveness and advantages of our in vivo biotinylation-based affinity purification approach as well as the validity of additional Oct4-interacting partners identified in this study.
Like the published studies [4, 5, 28] , we also failed to uncover with high confidence the two well-known Oct4 partners Nanog and Sox2. The Nanog protein has been speculated to be resistant to tryptic digest [5] , and the Nanog-Oct4 interaction has also been deemed to be so weak that it can only be detected with crosslinking [29] . The Sox2-Oct4 interaction may also be weak and/ or stabilized by DNA binding to the Oct-Sox sequence. This would explain why Oct4 interaction with Sox2 was only confirmed by one previous study [5] , but not by the other [4] or this study. It is important to point out that we did uncover Sox2 in one of the purifications (with 2 peptides), but it was not included in the final candidate list based on our stringent selection criteria. We observed interaction of Oct4 with some low-expression proteins such as Otx2, which is highly enriched in epiblast stem cells and human ESCs [30] . We postulate that Oct4 interaction with such low-abundance proteins may be necessary for ESCs to be primed for lineage specification.
We further validated our Oct4 interactome ( Figure  2 ) using additional approaches. First, we found that our one-step purification approach allowed us to identify 39 proteins (green and yellow circles in Supplementary information, Figure S2A ) of an Oct4 interaction network previously constructed by an iterative tagging strategy of eight pluripotency factors [3] [4] [5] (big circles in Supplementary information, Figure S2A ). Importantly, we were able to capture the Oct4 partners that were previously reported to be indirectly associated with Oct4 (yellow circles in Supplementary information, Figure S2A ) via other pluripotency factors (large circles in Supplementary information, Figure S2A ). Second, we confirmed that components of Oct4 protein complexes participate in common pathways and are co-regulated in controlling self-renewal and pluripotency of ESCs in both Oct4 depletion [31] and embryoid body differentiation assays [32] (Supplementary information, Figure S2B ). In particular, many well-documented self-renewal regulators and factors important for early development and pluripotency of mESCs were downregulated (Supplementary information, Figure S2B ). Expression of genes encoding a smaller subset of Oct4-interacting proteins either remained unchanged or increase with time, representing factors that may have additional functions during differentiation and cell fate determination (Supplementary information, Figure S2B ). Third, GO analyses revealed that the Oct4 interactome is over-represented for DNA and chromatinbinding factors (Supplementary information, Figure  S3A ), and correspondingly, enriched in biological processes such as transcription, regulation of transcription, and chromosome/chromatin organization (Supplementary information, Figure S3B ). KEGG pathway analysis revealed that the Oct4 interactome is enriched for factors involved in DNA mismatch repair, DNA replication, and cancer (Supplementary information, Figure S3C ). These data are consistent with Oct4's pluripotency transcription factor status and highlight its potential roles in epigenetic regulation of ESC pluripotency. In addition, we also found enrichment for the "focal adhesion" pathway that is active in pluripotent ESCs and activated by the Yamanaka factors during reprogramming [33] , consistent with the essential role of Oct4 in iPSC generation.
Taken together, these results indicate that the Oct4 interactome is composed of a much larger repertoire of interacting proteins, than previously reported [4, 5] with demonstrated as well as implicated roles in stem cell maintenance and somatic cell reprogramming. Therefore, our study should provide a much richer resource for discovery of novel self-renewal regulators as well as reprogramming factors. 
Oct4 links to multiple epigenetic pathways for pluripotency of ESCs
When using the Genes2Networks tool [34] to analyze the features of our Oct4 interactome, it is striking that multiple epigenetic regulatory complexes are associated with Oct4 ( Figure 3 ). In addition to the known repressor complexes that are also present in the Nanog interactome (i.e., the PRC1, NuRD, and SWI/SNF complexes) [3] , we uncovered in the Oct4 interactome components of regulatory protein complexes such as LSD1, FACT, COMPASS-like, MLL5-L, MutSalpha, ISWI, and PAF1 complexes (Figure 3 ). Of note, the common 18 candidate proteins from all three studies ( Figure 2B ) include major components of the NuRD, SWI/SNF, and LSD1 complexes, as well as several other factors that have not been previously studied (Supplementary information, Figure S4 ), indicating the importance of these epigenetic regulatory pathways and factors for stem cell function. The potential physical connection with the pluripotency network and functional significance of these epigenetic regulatory complexes for stem cell maintenance and/or somatic cell reprogramming are supported by multiple independent studies. For example, it is well established that SWI/SNF chromatin-remodeling complexes are important for both stem cell pluripotency [35, 36] and reprogramming [37] . A genome-wide RNAi study [25] and two targeted knockdown studies [27, 38] have confirmed Wdr5 and Hcfc1, two subunits of the COMPASS-like npg complex, to be critical for stem cell maintenance as well as for efficient iPSC generation [27] . The FACT complex is a conserved chromatin-remodeling complex implicated in DNA replication, basal and regulated transcription, and DNA repair. A knockout study demonstrated an essential role of the subunit Ssrp1 for blastocyst growth and survival [39] , and a biochemical study showed the physical association of FACT with Chd1, a chromatinremodeling factor recently shown to be essential for open chromatin and pluripotency of ESCs and for reprogramming somatic cells to the pluripotent state [40] . Genomewide RNAi studies identified both core proteins (Ssrp1 and Supt16h) of this complex as important factors for stem cell maintenance [41] . The LSD1 complex demethylates mono-and di-methylated H3K4, and LSD1-null ESCs exhibit defects in differentiation [42, 43] . A more recent study showed that Rcor2, a component of the LSD1 complex, regulates ESC properties and substitutes for Sox2 in iPSC generation [44] . The ISWI complex has been demonstrated to be required for proper stem cell differentiation. Its component Smarca5 is important for ICM survival [45] , whereas Bptf is important for cell fate specification and pluripotency [46] . The MLL5-L protein complex can methylate H3K4, and the knockdown study on its major component Hcfc1 [38] confirmed functional importance of this complex in stem cell maintenance.
To further validate the potential physical association of Oct4 with these factors, we examined co-fractionation of these proteins with Oct4-associated protein complexes on a size exclusion column and measured the size of multiprotein complexes of Oct4 and its associated proteins by western blot ( Figure 4A ). We confirmed that Ring1B (Rnf2), Supt16h, Ssrp1, Msh2, Msh6, and Ppp1cc all form large multiprotein complexes ranging from ~70 kD to several MD, similar to or overlapping with what has been observed for the Oct4 protein complexes (red rectangle in Figure 4A ). We have already confirmed co-fractionation of Oct4 with several components of the COMPASS-like protein complex (Wdr5, Rbbp5 and Ash2l) [27] . By contrast, components of LSD1 (Zmym2), chromatin-remodeling (Kif11) complexes and the transcription factor Arid3b participated in much larger protein complexes (~4 MD) that also partly overlap with Oct4 protein complexes (blue rectangle in Figure 4A ). We then performed CoIP/IP and confirmed interactions of Oct4 with components of many of these epigenetic regulatory protein complexes including Supt16h (FACT), Zmym2 (LSD1), Ring1B/Rnf2 (PRC1), Msh2/6 (MutSalpha), Ash2l (COMPASS-like), Kif11 (chromatin remodeling) and Ppp1cc (MLL5-L) ( Figure 4B ). Interaction of Oct4 with the COMPASS-like complex through Wdr5 was independently confirmed and its functional significance in controlling stem cell identity and pluripotency was demonstrated in our recent study [27] . In addition, we also confirmed physical association of Oct4 with Arid3b ( Figure 4B ), a transcription factor that may play a role in chromatin structure modification [47] . Taken together, these data support the physical association of Oct4 with multiple chromatin remodeling and epigenetic regulatory protein complexes in ESCs.
Functional validation of Oct4 interactome for stem cell pluripotency and somatic cell reprogramming
We assessed the functional significance of our Oct4 interactome by analyzing the presence of factors in the interactome that are also positive hits from published genome-wide RNAi studies on stem cell maintenance [41, [48] [49] [50] . We found that 31 proteins (P-value ~2 × 10 −9 from Fisher exact test) from our candidate list were also positive hits in the RNAi studies ( Figure 5A and 5B, details are summarized in Supplementary information, Figure S5 ), suggesting that our Oct4 interactome is significantly enriched for factors required for stem cell maintenance. Notably, many of these positive RNAi hits in our Oct4 interactome are also components of chromatin regulatory complexes (big circles in Figure 3 ), supporting the important roles of these epigenetic regulatory protein complexes in stem cell maintenance.
Somatic cell reprogramming by defined factors is a slow epigenetic process that entails a gradual reconstruction of the pluripotency network in somatic cells. In this regard, it is noteworthy that, as an essential reprogramming factor, Oct4 physically connects with multiple epigenetic regulatory complexes via protein-protein interactions ( Figure 3) . Importantly, components of many such complexes including SWI/SNF chromatin-remodeling complex (Smarcc1, Smarca4, Arid1a) [37] , COMPASSlike complex (Wdr5) [27] and LSD1 complex (Rcor2) [44] have recently been proved to be important factors in facilitating reprogramming. Oct4, Sox2, and Nanog as the core pluripotency factors as well as key reprogramming factors are interrelated at both the protein-protein interaction level [3] and at the transcriptional expression level [2] . Remarkably, we found that ~53% (104/198, P-value < 10 -15 , Fisher's test, two-sided) of the genes encoding Oct4 interactome proteins are direct targets of Oct4 (blue arrows in Figure 6 ), and ~66% (130/198, P-value < 10 -15 , Fisher's test, two-sided) of them are targets of at least one of the three core pluripotency/reprogramming factors, reinforcing the notion that the core ESC factors co-occupancy and feedback regulation are important features of the pluripotency network in ESCs. More importantly, promoters of over 21% (42/198 , Pvalue < 10 bio Oct4) cells were incubated with SA-beads as described in Materials and Methods. Precipitated samples were analyzed by western blotting with indicated antibodies. For IP with anti-Oct4 antibody, nuclear extracts were prepared from J1 ESCs (for Supt16h, Msh6, Ppp1cc, Arid3b) or bio Arid3b ESCs, and endogenous Oct4 complexes were immunoprecipitated with an Oct4 antibody followed by western blot with indicated antibodies or SA-HRP. The interaction of Ring1B with Oct4 was validated by SA-IP of nuclear extracts from bio Ring1B, and control BirA ESCs followed by western blot with anti-Oct4. Enrichment of the Oct4 interactome for factors whose encoding genes are downstream targets of the core pluripotency factors Nanog, Oct4, and Sox2. We utilized previously published genome-wide binding data for Sox2, Oct4, and Nanog in mESCs [1] [2] to generate the protein-DNA regulatory network. Target genes are represented as smooth-edged rectangles and upstream transcription factors are represented as filled ovals. Arrows emanating from each upstream transcription factor refer to its binding to the indicated genes. The total number of genes occupied by each of the core factors is indicated.
ing the Oct4 interactome proteins (shaded gray in Figure  6 ) are co-bound by all three core factors Nanog, Oct4 and Sox2. Many of these Oct4 partners are components of multiple epigenetic regulatory complexes, some of which have been proved to be reprogramming factors or facilitators (e.g., Arid1a/chromatin-remodeling complex [37] , the Rcor2/LSD1 complex [44] , and the Sall4/NuRD complex [51] [52] In summary, we demonstrate in this study that Oct4 forms a much larger protein interaction network than previously reported, and that the Oct4 interactome links multiple epigenetic regulatory pathways to the pluripotency network. Our data support the hypothesis that Oct4 is a central player in genetic and epigenetic regulation of stem cell pluripotency as well as somatic cell reprogramming.
Materials and Methods
Detailed methods on ESC culture, biochemical and bioinformatics analyses are available in Supplementary information, Data S1.
Affinity purification of oct4-associated protein complexes
One-step affinity purification with SA was performed as described [19, 53] with modifications. Briefly, 1 ml of Protein G agarose (Roche Diagnostic) equilibrated in buffer D (20 mM HEPES pH 7.6, 0.2 mM EDTA, 1.5 mM MgCl 2 , 100 mM KCl, 20% glycerol) containing 0.02% NP40 was added to 3 ml of nuclear extract in 50 ml tubes (BD Falcon) and incubated for 1 h to pre-clear in the presence of 750 units of Benzonase (Novagen). Precleared extract was then transferred to the already equilibrated (with buffer D) SA beads (Invitrogen), and rotated for 6 h at 4 °C. Beads were washed five times for 15 min each with buffer D containing 0.02% NP40 and bound material was eluted by boiling for 5 min in Laemmli buffer, fractionated on a 10% SDS-polyacrylamide gel, stained with the GelCode TM Blue Safe Protein Stain buffer (Thermo), and subjected to whole lane LC-MS/MS sequencing and data analysis.
Mass spectrometry and data analysis
Whole lane LC-MS/MS sequencing and peptide identification were performed at the Taplin Biological Mass Spectrometry Facility at Harvard Medical School. Three biological replicates were performed for ZHBTc4 cells and modified ZHBTc4 (ZO4B4) cells expressing biotinylated Oct4. The detailed procedure for sample process, MS instrumentation, and data analyses have been described in our previous study [3] . Selection criteria for high confidence interaction proteins within the purified complexes are as follows. First, we removed common background proteins such as naturally biotinylated carboxylases and their associated enzymes, as well as some ribosomal proteins as characterized [3] , and proteins with documented membrane, cytoplasmic, or mitochondrial localization. Second, for proteins specific to bio Oct4 samples, only those with ≥ 2 peptides sequenced from at least two independent purifications were included in the final candidate list. Third, for proteins with peptide sequenced in both bio Oct4 and BirA samples, only those with predominant peptide presence in bio Oct4 over BirA samples in at least two independent purifications were included.
